Neuropathic pain is a debilitating pathological condition that is poorly understood. Recent evidence suggests that abnormal central processing occurs during the development of neuropathic pain induced by the cancer chemotherapeutic agent, paclitaxel. Yet, it is unclear what role neurons in supraspinal pain network sites, such as the periaqueductal gray, play in altered behavioral sensitivity seen during chronic pain conditions. To elucidate these mechanisms, we studied the spontaneous and thermally evoked firing patterns of ventrolateral periaqueductal gray (vlPAG) neurons in awake-behaving rats treated with paclitaxel to induce neuropathic pain. In the present study, vlPAG neurons in naive rats exhibited either excitatory, inhibitory, or neutral responses to noxious thermal stimuli, as previously observed. However, after development of behavioral hypersensitivity induced by the chemotherapeutic agent, paclitaxel, vlPAG neurons displayed increased neuronal activity and changes in thermal pain-evoked neuronal activity. This involved elevated levels of spontaneous firing and heightened responsiveness to nonnoxious stimuli (allodynia) as well as noxious thermal stimuli (hyperalgesia) as compared with controls. Furthermore, after paclitaxel treatment, only excitatory neuronal responses were observed for both nonnoxious and noxious thermal stimuli. Systemic administration of gabapentin, a nonopioid analgesic, induced significant dose-dependent decreases in the elevated spontaneous and thermally evoked vlPAG neuronal firing to both nonnoxious and noxious thermal stimuli in rats exhibiting neuropathic pain, but not in naive rats. Thus, these results show a strong correlation between behavioral hypersensitivity to thermal stimuli and increased firing of vlPAG neurons in allodynia and hyperalgesia that occur in this neuropathic pain model.
Introduction
Chemotherapeutic agents, such as paclitaxel, are known to cause neuropathic pain, but the neuronal mechanisms that underlie neuropathic pain are not well understood. 34, 51 Several lines of evidence suggest that hyperexcitability in dorsal root ganglion and spinal cord dorsal horn neurons may contribute to the development of thermal and mechanical hypersensitivity in animal models of chemotherapy-induced neuropathic pain. 10, 66, 69 However, it has been suggested that enhanced primary afferent discharge alone is not sufficient for maintaining neuropathic pain without the contribution of supraspinal mechanisms. 32 Despite the clinical importance of chemotherapyinduced neuropathic pain, we currently do not understand how alterations in supraspinal components of the pain pathway contribute to this pathological painful condition.
The ventrolateral periaqueductal gray (vlPAG) is an important brainstem structure, exerting both inhibitory and facilitatory effects on pain perception. 22, 24, 30, 37, 38 The vlPAG modulates spinal cord nociceptive transmission via projections to the rostral ventral medulla (RVM), forming the PAG-RVM-spinal descending pain inhibitory network. 16, 22 In the naive state, midbrain processing of nociceptive information involves a homeostatic balance between descending inhibitory and facilitatory outputs in the vlPAG. Ventrolateral periaqueductal gray neurons are classified into 3 different subclasses based on the response to painful stimuli: "off cells" which show decreased firing rate, "on cells" which show increased firing rate, and "neutral cells" which show no change in firing rate. 21, 54, 60 Recent studies in chronic pain states have observed behavioral hypersensitivity and increased neuronal activity in the RVM that are strongly associated with a shift in descending inhibition to increased descending facilitation of spinal cord nociceptive transmission, leading to intensification of pain signals. 5, 22, 50, 62 Although vlPAG is a critical site in the descending pain modulatory matrix that is situated upstream of the RVM, it is unknown whether neuronal activity in the vlPAG is altered in neuropathic pain states. Altered activity in the descending pain inhibition circuitry might contribute to the development or maintenance of neuropathic pain. Currently, there are no studies investigating changes in vlPAG neuronal activity induced by neuropathic pain. Therefore, to understand how PAG neurons respond to nonnoxious and noxious stimuli, we performed chronic microwire recordings from neurons in awake-behaving rats before and after the induction of neuropathic pain by paclitaxel treatment. 49 The present study investigated whether alterations in spontaneous and thermally evoked neuronal firing in the vlPAG are induced by chemotherapy-induced neuropathic pain in rats. We also evaluated whether gabapentin, an agent with analgesic properties that is used to treat neuropathic pain, 43 affects spontaneous and evoked activity in the vlPAG before and after chemotherapyinduced neuropathic pain.
Methods

Animals
Male Sprague-Dawley (SD) rats (250-350 g; Harlan Laboratories, Indianapolis, IN) were used in this study. All procedures performed in this study included appropriate measures to lessen pain, suffering, and also minimize animal usage, and were approved by the Southern Illinois University School of Medicine Laboratory Animal Care and Use Committee.
Surgery for microwire implantation recording
Chronically implanted microwire electrodes (NB Labs, Denison, TX) were used for all single unit recordings. Microwires consisted of eight 50-mm-diameter Teflon-insulated, stainless steel wires separated by a gap of 0.25 mm, and were chronically implanted using a hydraulic microdrive (Kopf Instruments) under ketamine/ xylazine anesthesia (85/5 mg/kg, i.p.). The rats were placed in a stereotaxic device, and the incisor bar was set at 23.3 mm in the vertical plane to hold the skull in the flat position. Microwire electrodes were implanted stereotaxically into the PAG (27.6 to 28.7 mm posterior from bregma; 6 3.6 mm mediolateral from the midline at 10˚angle) according to the atlas of Paxinos and Watson, 48 and cemented into place with dental acrylic. The site was covered with dental acrylic, and the microwire assembly was secured to the skull with dental cement. Before the skull screws were encapsulated with dental acrylic, a wire from the electrode assembly was wrapped around the exposed screws for electrical grounding. The microdrive was used to prevent tissue damage only during electrode implantation, but it was not used subsequently, which is a common approach with this type of electrode. 15, 47, 61 The animals were allowed 1 week to recover from surgery before recording sessions were started. Seven to 14 days after the implantation surgery, we were able to record spontaneous single-unit action potentials. Once we obtained reliable spontaneous single-unit recordings on 3 consecutive days from the same electrodes, thermal stimuli were delivered and neuronal activity was recorded.
Noxious thermal stimulation
To record the effects of thermal stimulation on neuronal activity, the rats were acclimatized in a Plexiglass chamber (44 3 44 3 44 cm 3 ) for 60 minutes every day for 1 week with an 8-channel junction fieldeffect transistor (JFET) headstage connected to the implanted electrode. A modified hotplate test was developed using a computer feedback-controlled Peltier device 65 which was built into the floor of a Plexiglass chamber to administer thermal stimuli. Plate temperature was maintained at 30˚C as baseline for all the experiments conducted in this study. On the experimental days, the rats were acclimatized for 30 minutes prior to all the experiments. We made sure that the rat's hindpaw was in contact with the plate when thermal stimulation was delivered. The animals were allowed to move freely within the chamber. After adaptation to the baseline recordings at 30˚C, nonnoxious (38˚C and 42˚C) and noxious thermal stimuli (48˚C and 51˚C) were applied to the paw, and the stimuli were terminated immediately after the rats exhibited a nocifensive response (hindpaw licking and/or guarding [sustained lifting] behaviors). The thermal stimulation was delivered to the paw at a rate of 12.5˚C per second, until the temperature reached the target level. Paw withdrawal was consistently observed in response to noxious thermal stimuli but not to nonnoxious thermal stimuli in vehicletreated rats. Our classification of nonnoxious (38˚C and 42˚C) and noxious thermal stimuli (48˚C and 51˚C) was based on Banik and Kabadi, 2013, 1 who showed that the normal distribution to paw withdrawal in SD rats is between 44˚C and 52˚C (comparable to the noxious withdrawals threshold temperature for human glabrous skin). However, after induction of neuropathic pain, thermal stimuli at 37.5˚C could induce paw withdrawal in SD rats. In order to determine if the stimulus parameters used in our study induced sensitization of neuronal response, changes in paw withdrawal latency (PWL) were evaluated by applying the thermal stimulus 3 times at 15-minute intervals. The thermal stimulus terminated automatically at 30 seconds to avoid tissue damage.
Experimental procedure for paclitaxel-induced neuropathic pain
After baseline and evoked neuronal activity were reliably recorded for 3 days from the naive rats, the animals were treated with paclitaxel (2 mg·kg 21 ·mL 21 ) dissolved in dimethylsulfoxide. The protocol involved 4 intraperitoneal (i.p.) injections of either vehicle or paclitaxel administered on alternate days (days 0, 2, 4, and 6) to induce a neuropathic pain state, as previously described by Flatters and Bennett, 2004 . 17 The experimenter was blind to the treatment. After termination of the treatment protocol, the rats were tested for changes in PWL and vlPAG neuronal activity to nonnoxious (38˚C and 42˚C) and noxious (48˚C and 51˚C) temperatures. To avoid sensitization of neuronal response, all the responses were examined by applying the thermal stimulus 3 times at 15-minute intervals. All the neuronal recording experiments were performed at a baseline temperature of 30˚C. We observed consistent hypersensitivity to thermal stimuli, based on changes in PWLs, starting 10 days after termination of paclitaxel treatment. Neuronal recording studies began on day 10 after paclitaxel treatment throughout this study.
Experimental procedure for gabapentin experiments
Gabapentin (10, 30, and 50 mg/kg) (Sigma-Aldrich, St. Louis, MO) or the saline vehicle was injected i.p. We evaluated the nociceptive responses to the nonnoxious (38˚C and 42˚C) and noxious (48˚C and 51˚C) thermal stimuli in vehicle-treated rats and paclitaxel-treated rats at 1 and 24 hours. Injections of either saline or gabapentin (i.p.) were administered in vehicle-treated rats or paclitaxel-treated rats.
Electrophysiological data acquisition
To record neuronal activity, the animals' implants were connected to an 8-channel JFET headstage (NB Labs) using a lightweight cable that allowed the animal unrestricted movement during recording. Extracellular multiunit activity was recorded using a multiple-channel amplifier at 3500 gain and 5.9 to 220 kHz band pass filters (Plexon Inc, Dallas, TX). The amplified signal from each electrode was digitized at 40 kHz sampling rate (PowerLab; AD Instruments, Colorado Springs, CO), and the data were analyzed off-line. Spike sorting was performed with spike window discriminator software (Lab Chart; AD Instruments) to isolate extracellular single-unit action potentials. Principal component analysis (PCA) and waveform shape were used for spike sorting. Single units were identified as having (1) consistent waveform shape and (2) separable clusters defined by waveform parameters, and were analyzed with PCA (peak of action potentials, peak amplitude, and spike width). Electrical artifacts generated by movements were removed manually after comparison with single units, and the isolated single units were exported to NeuroExplorer for data analysis. These single-unit data were analyzed by generating rate meter histograms, as described below.
Burst analysis
Since burst firing is considered to be an important measure of increased excitation, 63 the NeuroExplorer 3.16 (Nex Technologies, Madison, AL) interval-specification algorithm was used to assess the presence and duration of bursting. This algorithm required 6 parameters to define a burst: (1) maximum allowable burst duration: 100 milliseconds; (2) maximum interspike interval at burst start: 500 milliseconds; (3) maximum within-burst interspike interval: 500 milliseconds; (4) minimum interval between bursts: 500 milliseconds; (5) minimum burst duration: 100 milliseconds; and (6) minimum number of spikes comprising a burst: 2. These classification parameters were optimized and validated by using the following procedures: (1) neuronal recordings of 1800 seconds duration of spontaneous activity were used, and the mean of 9 independent bursting units was randomly selected; selection was blind with respect to animal and treatment group; (2) continuous repetitions of the NeuroExplorer burst algorithm were run with parameter variations to obtain the best correlation between visually rated bursting and algorithm-determined bursting.
Data analysis
The recorded neuronal responses of each PAG neuron evoked by the thermal stimuli were characterized by performing rate meter histogram analysis (80 ms bin width) and expressed as a mean frequency (Hz) 6 SD. The criterion for whether a neuron was responsive to the stimulus was based on the change of firing rate in the 30-second-period immediately following the stimulus. We plotted the standard deviation of the percent change in neuronal firing rate from the prestimulus baseline following application of the thermal stimulus, and set the criterion that any change of ,10% over 3 trials was considered to be nonresponsive in the present study. The change in neuronal firing evoked by the thermal stimulus for all excitatory and inhibitory vlPAG neuronal response was .75% change from the prestimulus baseline. All data sets were evaluated for normality using the D'Agostino and Pearson omnibus normality test. Pairwise comparisons were performed with either the paired Student t test for before-after comparisons, or the 2-sample Student t test to compare 2 groups. Comparisons between different treatments and stimuli were conducted using 2-way ANOVA and Bonferroni posthoc analysis (before-after comparisons) with time as a repeated measure. Statistical significance was set at P , 0.05.
Histology
At the end of the experiments, the rats were deeply anesthetized with pentobarbital (100 mg/kg, i.p.), and the microwire electrode tips were marked with lesions by passage of DC current (10 mA, 30 seconds). The brains were fixed by cardiac injection of normal saline followed by 10% formalin. The brains were subsequently removed and stored in formalin. Coronal sections (40 mm) were sectioned using a freezing microtome. The sections were stained with Neutral Red, and the sites of the electrode tips were verified microscopically. The anatomical distribution of the neurons studied in neuronal recording studies is shown in Figure 1A . Coronal histological sections confirmed that the tips of the recording electrodes were located in the vlPAG (stereotaxic coordinates from bregma 27.6 to 28.7 mm). 48 
Results
Neuronal responses to noxious thermal stimulation
The characteristics of vlPAG neuronal firing in the awake-behaving rats were evaluated, using single-unit extracellular action potentials in a total of 68 neurons in the initial study from 14 rats. All the vlPAG neurons detected (Fig. 1A) were spontaneously active with an overall mean firing rate of 6.6 6 0.28 Hz. Three classes of vlPAG units were observed that exhibited different firing changes in response to 51˚C noxious thermal stimulation. The majority (71%, 48/68) of vlPAG neurons exhibited firing changes to noxious thermal stimulus that exceeded 10%. Of the responsive vlPAG neurons 47% (n 5 32) exhibited excitatory responses (vlPAG on neurons), while 24% (n 5 16) were inhibited by the thermal stimulus (vlPAG off neurons). The mean spontaneous discharge rates (prior to the thermal stimulus) of vlPAG on neurons (6.7 6 0.2 Hz) and vlPAG off neurons (6.1 6 0.5 Hz) were not significantly different (Student t test, t(19) 5 4.983, P . 0.05). A minority of vlPAG neurons (29%, n 5 20) did not exhibit a neuronal firing change that exceeded 10% (vlPAG neutral ) in response to the thermal stimulus.
vlPAG on cells
The 47% of vlPAG neurons that were excited (vlPAG on ) by the noxious thermal stimulus (51˚C) exhibited a significant mean increase in firing rate (18.1 6 2.1 Hz), as compared with the prestimulus spontaneous firing rate (6.3 6 0.8 Hz) ( Fig. 1B, C ; N 5 32, t(31) 5 6.891, P , 0.05, Student t test). The firing rate of vlPAG on neurons returned to spontaneous levels after termination of the stimulus. There was no significant difference in the mean spontaneous firing rate seen during the 30-second period after termination of the thermal stimulus (7.9 6 1.2 Hz) as compared with the firing rate before the stimulus (6.3 6 0.8 Hz, 30 seconds, t(31) 5 37.24, paired t test). We did not observe any significant sensitization of neuronal responses to the thermal stimulus after presenting the stimulus to the paw in repeated trials (2 way ANOVA, F [1, 31] 5 2.84; P . 0.05). Thus, the mean spontaneous firing for each of 3 consecutive days of testing ranged from 6.6 6 0.9 to 7.7 6 0.4 Hz, while the mean response to thermal stimulation ranged from 18.2 6 1.9 to 19.9 6 0.3 Hz.
vlPAG off cells
The 24% of vlPAG neurons that consistently exhibited inhibitory responses (vlPAG off ) to the thermal stimulus showed a significant decrease in firing rate from the mean spontaneous firing rate, (6.2 6 1.2 Hz to a firing rate of 1.6 6 0.6 Hz -, Fig. 1B, D ; N 5 16, t(15) 5 10.67, P , 0.05 by Student t test). Although the stimulus was applied for 30 seconds, the decrease in firing rate to noxious thermal stimulus was observed only during the initial 15 seconds of the stimulation period. Thus, during the initial 15-second period, the firing rate was 1.6 6 0.6 Hz, while the firing rate for the subsequent 15-second period was 4.7 6 0.8 Hz, which was significantly different (t(15) 5 7.12, P , 0.05, paired t test). This might be indicative of acclimatization to the stimulus in these neurons. For the vlPAG off neurons, there was no significant difference in the mean spontaneous firing rate during the 30-second period following termination of the thermal stimulus (6.9 6 1.2 Hz) as compared with the firing rate before the stimulus (6.2 6 1.2 Hz).
Effects of paclitaxel-induced neuropathic pain
Behavioral effects of paclitaxel treatment
We then investigated the effects of the paclitaxel protocol on the behavioral responses to thermal stimuli. The paclitaxel treatment regimen induced thermal allodynia and hyperalgesia as evidenced by changes in PWL that were observed 10 days after the start of the protocol, which is consistent with previous studies. 17, 49 In vehicletreated rats, thermal stimulation at 38˚C and 42˚C did not evoke any consistent paw withdrawal responses during the 30-second stimulus period, and we classified these as nonnoxious stimuli for the purposes of this study 1 ( Fig. 2A) . However, 10 days postpaclitaxel treatment, thermal stimulation at these same intensities evoked paw withdrawal responses in paclitaxeltreated rats, as shown by the changes in mean PWL ( Fig. 2A) .
Since PWL responses at these stimulus intensities were not seen in vehicle-treated rats, these findings indicate that paclitaxel treatment had induced thermal allodynia ( Fig. 2A) . Thermal stimulation at 48˚C and 51˚C did evoke PWLs in vehicle-treated rats and were classified as noxious stimuli ( Fig. 2A) . After day 10 of the protocol, paclitaxel-treated rats exhibited significantly decreased mean PWLs at these stimulus intensities as compared with the prepaclitaxel responses ( Fig. 2A) . The difference between these 2 groups indicate the development of paclitaxel-induced thermal hyperalgesia. Paclitaxel-induced thermal allodynia and hyperalgesia were observed initially at day 10 and continued to be present for 21 days after the initiation of treatment (F[2, 26] 5 19.75, P , 0.05; repeated measures ANOVA), which was the last day of testing. Importantly, mean PWLs did not significantly differ from day 10 to 21 postpaclitaxel treatment, and all the neuronal recording experiments were conducted during this time period when the rats were in this hyperalgesic state.
Effects of paclitaxel treatment on PAG neuronal firing patterns
We then investigated whether the neuropathic pain state that followed administration of paclitaxel caused changes in vlPAG 48 Rectangles indicate the locations of vlPAG on neurons; ovals indicate the locations of vlPAG off neurons, and triangles indicate the locations of vlPAG neutral neurons. (B) Mean frequency of vlPAG spontaneous and evoked neuronal firing in response to noxious thermal stimulation. We observed 3 subclasses of neuronal responses in the vlPAG: "on" (excitatory), "off" (inhibitory), and "neutral" (non responsive). (C) A typical example of the rate meter histogram (80 ms bin width) analysis of vlPAG on neurons that were excited by the thermal stimulus (51˚C), which exhibited a significant increase in firing rate, as compared with the prestimulus spontaneous firing rate. (D) A typical example of the rate meter histogram (80 ms bin width) of vlPAG off neurons that exhibited an inhibitory response to the noxious thermal stimulus characterized by significantly decreased firing rates, as compared with the spontaneous firing rate. (E) A typical example of the rate meter histogram (80 ms bin width) of vlPAG neutral neurons that did not exhibit any detectable change in the neuronal firing in response to the thermal stimulus. *P , 0.05 (2 way ANOVA); each value is the mean 6 SD; mean frequency (Hz) represents the mean of 3 trials; vlPAG on responses (n 5 32), vlPAG off responses (n 5 16) and vlPAG neutral responses (n 5 20). The gray overlay of each histogram represents the duration of the thermal stimulus administered to the paw. Waveforms of the action potentials that were used to generate the rate histograms are shown above each histogram to the right. vlPAG, ventrolateral periaqueductal gray.
neuronal excitability. The mean baseline prepaclitaxel spontaneous neuronal firing rate was 6.6 6 0.28 Hz. In paclitaxel-treated rats, the mean spontaneous firing rate of vlPAG neurons was increased significantly 10 days after initiation of the paclitaxel treatment as compared with the prepaclitaxel treatment levels ( Fig. 2B and Table 1) ; vlPAG neurons exhibited an increased incidence of irregular bursting patterns after paclitaxel treatment, whereas we did not observe any evidence of burst firing in the vehicle-treated group, or prior to paclitaxel treatment (Fig. 2B) . Analysis of burst firing incidence revealed a significant increase in the mean number of bursts after paclitaxel treatment, as compared with prepaclitaxel treatment (0 vs 9.1 6 1.9 bursts, t(9) 5 5.11, P , 0.01, Fig. 2B In the paclitaxel-induced hyperalgesic state, vlPAG on neurons exhibited significantly increased neuronal excitation to the previously nonnoxious thermal stimulus. vlPAG on neurons showed significantly increased neuronal excitation to the noxious thermal stimulus as compared with the pretreatment period, whereas in vehicle-treated rats we did not see any changes in neuronal response to the noxious thermal stimulus compared with pretreatment. (G) Representation of the rate meter histograms (80 ms bin width) analysis of a typical vlPAG on neuronal response during noxious thermal stimulus (51˚C) from vehicle-(top trace) and paclitaxel-treated rats (lower trace). vlPAG on neurons in paclitaxel-treated rats showed significantly increased spontaneous and excitatory neuronal responses to the noxious thermal stimulus compared with vlPAG on neuronal responses recorded from the vehicle-treated rats. The gray overlay represents the thermal stimulation. Waveforms of the action potentials that were used to generate the rate histograms are shown above each histogram to the right. *P , 0.05, **P , 0.01; compared with pretreatment levels, #P , 0.05 compared with vehicle-treated. Two-way ANOVA followed by Bonferroni post hoc test. Each value is the mean 6 SD; PWLs represent the mean of 3 trials; N 5 14 rats per group. PWLs, paw withdrawal latencies; vlPAG, ventrolateral periaqueductal gray.
July Fig. 2E ) were directly correlated with the changes in PWLs observed after neuropathic pain induced by paclitaxel.
Neuropathic pain-induced changes in vlPAG on neuronal firing
To study how paclitaxel treatment affected thermally evoked vlPAG neuronal responses, we administered thermal stimulation at 38˚C, 42˚C, 48˚C, and 51˚C to the rats (Fig. 2F) . Presentation of the thermal stimulation at 38˚C and 42˚C to the paw did not evoke any significant changes in the vlPAG on neuronal responses of vehicle-treated rats (Fig. 2F, N 5 52) . On the other hand, vlPAG on neurons (N 5 38) of rats after the paclitaxel protocol exhibited significantly increased mean neuronal excitation to previously nonnoxious (38˚C and 42˚C) stimuli (Fig. 2F and Table 1 ). These results indicate that vlPAG on neurons exhibit lower thresholds in response to thermal stimuli, which suggests that these neurons may play an important role in the maintenance of thermal allodynia in neuropathic pain. vlPAG on neurons also showed significantly increased mean neuronal excitation to the previous noxious (48˚C and 51˚C) temperatures, as compared with pretreatment levels (Fig. 2F, G and Table 1 ). Vehicle-treated rats did not show any significant changes in the mean neuronal response to 48˚C and 51˚C stimuli ( Table 1) . In paclitaxel-treated rats, the incidence of burst neuronal firing observed after noxious thermal stimulus increased significantly as compared with prepaclitaxel treatment (5.8 6 1.6 vs 12.8 6 2.1; t(9) 5 8.385, P , 0.05, paired Student t test), suggesting that this increase in burst activity to thermal stimulation might underlie the thermal hypersensitivity. The magnitude of thermal stimulation-evoked mean neuronal responses of paclitaxel-treated rats at all stimulus intensities was significantly greater than that of predrug recordings (Fig.  2F, G and Table 1 ). Thus, in the paclitaxel-induced hyperalgesic state, vlPAG on neurons exhibited enhanced spontaneous and evoked excitability, which correlated with the increase in behavioral sensitivity.
Neuropathic pain-induced changes in vlPAG off neuronal firing
Prior to paclitaxel treatment, vlPAG off neurons did not exhibit any detectable neuronal inhibition to the thermal stimulation at 38˚C and 42˚C in prepaclitaxel recordings (Fig. 3A) . However, stimulation at 48˚C and 51˚C evoked inhibitory neuronal responses in the vlPAG off neurons (Fig. 3A) . Vehicle-treated rats did not exhibit any significant changes in mean vlPAG off neuronal firing at all temperatures tested (Fig. 3A and Table 2 ). After paclitaxel treatment, surprisingly, thermal stimulation at 38˚C and 42˚C evoked excitatory neuronal responses from the same electrodes that had recorded nonresponsive neurons at these stimulus intensities before the paclitaxel protocol. Prior to paclitaxel treatment, thermal stimulation at 48˚C and 51˚C evoked inhibitory neuronal responses in vlPAG off neurons, whereas after paclitaxel treatment, only excitatory neuronal responses were observed to thermal stimulation at all temperatures tested (Fig.  3B, C and Table 2 ). Waveforms show that the single-units recorded postpaclitaxel treatment exhibited different waveform shapes, peak amplitudes, and spike widths from the neurons recorded from the same electrodes prepaclitaxel treatment (Figs. 3B, C, and 4E). Changes in evoked neuronal firing to the 51˚C stimulus (r 2 5 0.74, F[1,35] 5 100.3; P , 0.0001, Fig. 3D ) were directly correlated with PWL changes observed after neuropathic pain induction. These results suggest that a shift in homeostatic balance from descending inhibitory drive to descending facilitatory drive occurred in the vlPAG after paclitaxel treatment.
Neuropathic pain-induced changes in vlPAG neutral neuronal firing
Ventrolateral periaqueductal gray neutral neurons (N 5 20, 29%) did not exhibit responses to thermal stimulation at any temperatures tested (Fig. 4A) . However, after paclitaxel treatment, we observed excitatory neuronal responses to thermal stimulation at all of these temperatures from the same electrodes (Fig. 4B, C and Table 3 ). Vehicle-treated rats did not exhibit any significant Table 1 Neuropathic pain-induced changes in ventrolateral periaqueductal gray on (vlPAG on ) neurons. changes in mean vlPAG neutral neuronal firing at nonnoxious (38˚C and 42˚C) temperatures ( Fig. 4C and Table 3 ) and noxious (48˚C and 51˚C) stimuli ( Fig. 4C and Table 3 ). Our PCA showed that prior to paclitaxel treatment, there were 3 different clusters of single units, whereas postpaclitaxel treatment, only one cluster of single units was observed. Waveforms show that the single-units recorded postpaclitaxel treatment exhibited different waveform shapes, peak amplitudes, and spike widths from the neurons recorded from the same electrodes prepaclitaxel treatment, suggesting that the neurons recorded after paclitaxel treatment may be different from the ones recorded prior to prepaclitaxel treatment (Fig. 4D, E) . That is, we did not encounter vlPAG neutral neurons after paclitaxel treatment. Thus, neuropathic pain induces specific and persistent changes in vlPAG neuronal responses to thermal stimuli.
Effect of gabapentin on behavioral hypersensitivityinduced neuropathic pain
The timeline of vlPAG recordings used to evaluate the effects of gabapentin in pre-and postpaclitaxel-treated rats is shown in Figure 5A . Systemic administration of gabapentin (10, 30, and 50 mg/kg) (Fig. 5B) (Fig. 5C ) evoked paw withdrawal responses indicative of thermal allodynia. In addition, after paclitaxel treatment, noxious thermal stimulation significantly decreased PWL in all the rats compared with the baseline levels prior to paclitaxel treatment at 48˚C and 51˚C, (Fig. 5C) , which is indicative of thermal hyperalgesia. Vehicletreated animals (N 5 14) showed no significant change in mean PWL as compared with baseline levels (Fig. 5C, N 5 14 per group). 
Gabapentin effects on vlPAG spontaneous neuronal firing in paclitaxel-treated rats
We examined whether the analgesic effect of gabapentin in paclitaxel-treated rats involved effects on vlPAG neuronal firing. We administered gabapentin systemically to determine effects of this agent on vlPAG spontaneous and evoked neuronal firing in vehicle-vs paclitaxel-treated rats. Gabapentin (10, 30, and 50 mg/kg i.p.) dose-dependently inhibited mean vlPAG spontaneous burst neuronal firing in paclitaxel-treated rats (Fig. 5D-F and Table 4 ). These results suggest that gabapentin's analgesic effects may be mediated, in part, by suppressing hyperactive vlPAG neuronal firing in the neuropathic pain conditions.
Gabapentin effects on thermal stimulus-evoked vlPAG neuronal firing in paclitaxel-treated rats
Paclitaxel-treated rats showed significantly increased mean vlPAG neuronal responses to the previously nonnoxious 38˚C and 42˚C and noxious 48˚C and 51˚C stimuli ( Table 4 ) compared with vehicle-treated rats, which was consistent with our earlier observations. Gabapentin (10, 30, and 50 mg/kg; Fig. 5E ) administration resulted in dose-dependent analgesic effects on the thermal-evoked vlPAG neuronal responses in paclitaxeltreated rats, which was not seen in vehicle-treated rats. Fig. 5I ) were directly correlated with elevated PWLs observed after gabapentin treatment in the paclitaxel-treated rats. We did not see any vlPAG off or vlPAG neutral responses after gabapentin treatment in paclitaxel-treated rats. These results suggest that the analgesic effects of gabapentin in the paclitaxel-treated rats may involve decreased responsiveness of vlPAG neurons.
Discussion
The neuronal mechanisms that mediate neuropathic pain induced by chemotherapeutic agents, such as paclitaxel, are not well understood despite their clinical relevance. Increased excitability of dorsal root ganglion neurons has been shown to contribute to the persistent allodynia and hyperalgesia observed after treatment with paclitaxel. 10, 49, 66 The present study examined the contribution of vlPAG neurons in the transition from the acute to the neuropathic pain state by evaluating changes in the firing of vlPAG neurons induced by a paclitaxel protocol in awakebehaving rats. Our results show that systemic administration of paclitaxel induced a neuropathic pain state characterized by thermal allodynia and hyperalgesia of the paw to noxious and nonnoxious stimuli, which is consistent with previous studies. 11, 17, 39 Ten days to 3 weeks after initiation of paclitaxel treatment, spontaneous firing rates in vlPAG neurons were significantly increased in treated rats as compared with the prepaclitaxel and vehicle-treated animals. This increase in activity correlated with the development of behavioral thermal hypersensitivity, which was also observed 10 to 21 days following initiation of the protocol. Paclitaxel treatment also resulted in a significant increase in spontaneous burst firing patterns in vlPAG neurons, which were not observed before the paclitaxel treatment. Thus, Table 2 Neuropathic pain-induced changes in ventrolateral periaqueductal gray off (vlPAG off ) neurons. the induction of neuropathic pain paralleled the significant increase in spontaneous and burst firing in vlPAG neurons.
In the current study, we recorded the responsiveness of vlPAG neurons to noxious thermal stimuli in awake-behaving rats. We confirmed that the vlPAG contains 3 distinct subpopulations of neurons that respond to noxious thermal stimuli applied to the paw. Thus, excitatory or "vlPAG on ," inhibitory or "vlPAG off ," and neutral or "vlPAG neutral " neurons were observed in our unanesthetized rats, as seen previously in lightly anesthetized rats, although the percentage of neurons that were responsive to painful stimuli was higher in the unanesthetized animals. 14, 19, 21, 53 The majority of PAG neurons responded to noxious thermal stimuli with either increases or decreases of neuronal firing, and the firing patterns returned to spontaneous levels after termination of the stimuli. The responsiveness of PAG neurons to thermal pain in the present study is consistent with earlier studies that implicated the PAG in modulating nociception in humans and in rats, 2, 6, 21, 50, 52, 60 which observed the presence of these 3 subclasses in response to painful stimuli. 14, 19, 21, 53 Notably, the present results are consistent with prior findings in the midbrain, where excitatory (48%) and inhibitory (25%) neuronal responses related to tail flick were observed in response to the noxious radiant heat, including animals anesthetized with an agent that also possesses stimulant properties (choralose).
14 Single-unit recording from vlPAG neurons prior to induction of neuropathic pain in awake-behaving rats offered a unique opportunity to monitor the electrophysiological properties of vlPAG neurons during transition from acute to chronic neuropathic pain, which, to our knowledge, was not investigated previously. In the present study, we demonstrate that after chemotherapy-induced neuropathy, vlPAG on neurons showed neuronal excitation to temperatures that were previously nonnoxious thermal stimuli, and significantly increased excitability to previously noxious thermal stimuli, as compared with the responses in pretreatment and vehicle-treated rats. These results suggest that lowered response thresholds and increased responsiveness of vlPAG on neurons to nonnoxious thermal stimuli and noxious thermal stimuli may contribute to maintenance of behavioral thermal allodynia and hyperalgesia, since the responsiveness of vlPAG on neurons to thermal stimuli is negatively correlated with the PWLs in these animals. Surprisingly, in the present study, the inhibitory and neutral responses of vlPAG neurons seen during noxious thermal stimuli before paclitaxel treatment could not be observed following paclitaxel administration. Thus, after paclitaxel treatment, thermal stimulation only evoked excitatory neuronal responses from the same electrodes from which we previously recorded vlPAG off and vlPAG neutral neurons. Waveform analysis and PCA showed differences in spike shape and separate clusters before and after development of neuropathic pain, suggesting that neurons recorded after development of neuropathic pain might be different from the ones that were recorded before paclitaxel treatment. Another possible explanation is that phenotypic changes in the vlPAG off and vlPAG neutral to vlPAG on action potential waveforms occurred due to paclitaxel-induced alterations of neuronal membrane properties, since previous studies observed changes in neuronal phenotype in RVM neutral cells after acute inflammatory pain. In that study, the neutral cells were reclassified as onor off-like cells to noxious stimuli after acute inflammation. 40 It is also possible that the vlPAG off and vlPAG neutral neurons became inactive, and we might be recording from other previously quiescent neurons in the area that became active after the development of neuropathic pain. The present results suggest that excitability changes in the vlPAG occur following the onset of neuropathic pain, which are correlated with development of behavioral hypersensitivity. It has been well documented that altered discharges of spinal neurons contribute to chemotherapy-induced neuropathy. 8, 10, 67 It is possible that enhanced activity in spinal neurons after neuropathy could drive the excitability changes in the vlPAG, since these neurons receive direct projections from spinal cord neurons. 7, 28, 44, 45 In the naive state, activation of the vlPAG recruits a descending inhibitory pathway via RVM, resulting in antinociception. 2, 16, 22 It has been previously reported that off-cells in the RVM that are associated with descending inhibitory analgesic pathways receive inputs from glutamatergic vlPAG projection neurons. 33, 42, 59 Numerous studies show a shift in homeostatic balance from a descending inhibitory drive to a descending facilitatory drive in the RVM that may contribute importantly to chronic pain states.
9,12,25,35,40,41,55,64,68 It is unclear whether this shift to a descending facilitatory drive also occurs in the PAG, or involves upstream projections from the RVM. Our study shows that vlPAG on neurons exhibit significantly enhanced spontaneous and evoked excitability after the development of neuropathic pain. The absence of vlPAG off and vlPAG neutral responses to thermal stimuli suggests a shift from a descending inhibitory drive to an increased descending facilitatory drive from the vlPAG. Recent studies have identified 2 mechanisms by which the vlPAG could increase descending facilitatory tone; either by increasing presynaptic gamma-aminobutyric acid (GABA) release, 18 which inhibits vlPAG output neurons, or by decreased excitatory neurotransmission in the vlPAG due to decreased glutamate release in vlPAG output neurons. 26 It is possible that after development of neuropathic pain in the current study we are recording from presynaptic GABA neurons, which were shown to exhibit increased activity in animal models of neuropathic pain. 26 This sustained increase in GABAergic neuronal activity might lead to inhibition of vlPAG glutamatergic output neurons and contribute to the development or maintenance of neuropathic pain. Future experiments will need to address the functional roles of GABAergic and glutamatergic neurons in the vlPAG in the development and maintenance of neuropathic pain.
The present study found that systemic gabapentin exhibited antihyperalgesic effects in the paclitaxel-treated group, whereas gabapentin did not cause any changes in PWL in naive rats. 46, 57, 58 We also observed that gabapentin exhibited dosedependent decreases in the elevated spontaneous tonic firing and irregular bursting in the vlPAG neurons that were induced by the paclitaxel protocol. The elevated spontaneous neuronal firing in vlPAG also decreased to control levels after gabapentin treatment. No effects of gabapentin were observed prior to the paclitaxel protocol or in the vehicle control group. Gabapentin administration also exhibited dose-dependent decreases in the evoked vlPAG neuronal firing to both nonnoxious and noxious thermal stimuli but only in the neuropathic pain state which directly correlated with the antihyperalgesic effects of gabapentin. Gabapentin-mediated decreases in the excitability of vlPAG neurons might be due to effects on either spinal or supraspinal components of the pain pathway or both. The analgesic effect of gabapentin is thought to be due to its high affinity for the a2d-1 Table 3 Neuropathic pain-induced changes in ventrolateral periaqueductal gray neutral (vlPAG neutral ) neurons. subunit in N-type and P/Q-type calcium channels, which inhibits neurotransmitter release from the presynaptic terminal, and contributes to the analgesic effects of gabapentin in neuropathic pain. 13, 20, 27, 31, 56 One possible mechanism for the effects seen in the current study might be that gabapentin binds to the upregulated a2d-1 subunit in the N-and P-type calcium channels in the vlPAG to inhibit presynaptic neurotransmitter release, decreasing vlPAG neuronal excitability in paclitaxel-treated rats. 3, 4, 29 In conclusion, our findings establish evidence for changes in vlPAG neuronal responses during the transition from acute to chronic pain. Such changes in supraspinal centers might be an important feature in the maintenance of neuropathic pain. These findings are consistent with previous studies, which observed increased excitability to nonnoxious thermal stimuli and noxious thermal stimuli of RVM on neurons after inflammation in awake, freely moving rats. 41 Reduction in RVM on cell activity was associated with antinociceptive effects of opioids in awake, freely moving rats. 23, 36, 41 We observed that the ; P , 0.0001) is directly correlated with elevated PWLs observed after gabapentin treatment in the paclitaxel-treated rats. *P , 0.05, **P , 0.01, compared with pretreatment levels. Two-way ANOVA followed by Bonferroni post hoc test. Each value is the mean 6 SD; PWLs represent the mean of 3 trials; N 5 14 rats per group. i.p., intraperitoneal; vlPAG, ventrolateral periaqueductal gray; PAG, periaqueductal gray; PWLs, paw withdrawal latencies. 
